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Data from an array of proton magnetometers in central California indicate that
a systematic decrease in magnetic field of about 2y in 5 years has occurred in a
localized region near Anzar, California, Jjust north of the creeping section of the
San Andreas fault. This field change has most likely resulted from changes in crustal
stress in this region, although an unknown second-order effect of secular variation
cannot be excluded as a alternate explanation. Tectonomagnetic models have been
developed using dislocation modeling of slip on a finite section of fault. Assuming
a fault geometry and rock magnetization, these models relate changes in stress, fault
slip, and fault geometry to surface magnetic field anomalies. A large-scale anomaly,
opposite in sense to that observed but of similar amplitude, would be expected to
have accumulated in this area during the past 70 years. A localized 5-bar decrease
in shear strain on the fault resulting from about 2cm of slip on a 0.25-km square
patch at a depth of 1 km beneath the surface trace of the fault opposite the magne-
tometer could explain the observed data and still be compatible with the geodetic
strain measurements in the area. Other models of limited local slip are equally
possible. The occurrence of a moderate magnitude earthquake in this region will
allow comparison of stress changes estimated by different techniques.

I, Introduction

The magnitude of crustal stress changes accompanying faulting is uncertain.
On one hand dircct laboratory measurements (STESKY and BRACE, 1973) and deep
mine fracture experiments in intact rock (SpoTtTiswooD and MCGARR, 1975) indicate
that the shear stress at about 10km is 1 to 2kbars and that stress changes of up to
1 kbar should therefore accompany faulting. On the other hand an upper limit on
the average shear stress on the fault of a few hundred bars is indicated by the absence
of a detectable heat flow anomaly near the San Andreas fault (BRUNE et al., 1969;
LacuengrucH and Sass, 1973). The mean displacement-to-length ratios for carth-
quakes that rupture the surface also indicate an average change in stress of about
100 bars (CuiNNERY and PETRAK, 1968). Furthermore, BRUNE (1970) and others
have argued from theoretical seismic source models for seismic shear stress changes
(stress drops) that are typically less than 100 bars. Comminution and chemical changes
probably also contribute to minor changes in stress levels on active faults but are
not sufficient to explain this challenging paradox.
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Independent cstimates of changes in stress distribution around active faults are
possible as a consequence of the stress sensitivity of the magnetization of crustal rocks
(Stacey, 1964). These estimates are generally poorly constrained since the distri-
bution of magnetization and its stress sensitivity are poorly known. Within these
uncertainties, however, meaningful ordcr-of—magnitudc stress estimates can be deter-
mined. These can be related to the paradox discussed above. This paper primarily
concerns the use of a tectonomagnetic model to attempt a stress estimate at the
location of a particular slip discontinuity on the San Andreas fault where a change
in local magnetic ficld has been observed.

2. Local Magnetic Anomalies

The history of high-quality magnetic measurements along active faults in Cali-
fornia is cxtremely short (JOHNSTON et al., 1976). It is interesting, but possibly
coincidental, that cven with this short history, the regions where significant local
anomalies have been reported are at or near the ends of the recent major ruptures
(M>38) within the fault system. These carthquakes are shown in Fig. 1, together
with all earthquakes Mz 5 since 1900 and the amplitude and error estimates of the

Bl
EARTHQUAKES

= 1900 — 1576

Lo . @ m=s
- @ Mmz=7
e : T ° M26

E = " + MzZ5

£ ee
Fig. 1. Major recent fault ruptures (cross-hatched) for carthquakes M > § and the
locations of earthquakes with M =5 (dots) in California and western Nevada
since 1900 from ToppozADA et al. (1976), Bort and MiLLER (1975), HILEMAN
et al. (1973), and FrIEDMAN ef al. (1976). Included also are the amplitude and
crror estimates of magnetic anomalics that have occurred since 1973.
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magnetic anomalies that have occurred since 1973, Details of most of the magnetic
data can be found in JounsToN et al. (1976), WirLiams and Jounston (1976), and
SmiTn and Jounston (1976).

The data that form the subject of this study have been recorded just north of
San Juan Bautista at the south end of the 1906 earthquake rupture. The locations
of continuously recording magnetometers in this region are shown in Fig. 2. All
magnetometers are synchronized. The sensitivity and stability of each is 0.257 and
the sampling rate is once per minute (SMiTi and JounsTon, 1976). The data [rom
cach adjacent station are differenced to isolate changes of local origin and to reduce
cffects of ionospheric and magnetospheric origin.

The magnetizations of the rocks in this area can exceed 10~?emu (in some places
10-2emu)and thus provide a sensitive stress transducer in this region. Similar cluster-
ing of rocks with high magnetizations occurs also at the ends of the 1857 carthquake
(M= 8) rupture in southern Californja and the 1872 carthquake (M >>8) rupture in
Owens Valley.

Space-time plots for the period 1974 to 1976 of differential magnetic fields across
the region from where the fault is locked to where the fault is slipping are shown in
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Fig. 2. Locations of continuously recording magnetometers in central California
presently telemetered to Menlo Park just south of San Francisco.
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Fig. 3. Space-time history plots of magnetic field differences from station
pairs to the southeast and the northwest alon g the fault from the point
where ascismic slip ceases.

Fig. 3. A systematic decrease with time of the difference AN~-EU and AN-SJ is
clearly evident. The total change over the 3-year period, due primarily to a decreasing
field at station AN, is about 2.5 . Independent data from repeated magnetic surveys
between different sites near AN indicate a similar result (JOUNSTON et al., 1976).

There appear to be two possible explanations for these data. An obvious can-
didate is the secular variation of the geomagnctic field. In this case, however, direct
effects of secular variation can be ruled out since (1) the apparent wavelength neces-
sary would be a few tens of kilometers and (2) the change in the difference AN-SJ
is opposite in sense to that expected for the present secular variation of about — 30
rfyear. This arises since the net change in ficld at AN for large-wavelength, long-
period geomagnetic field fluctuations is less than at other stations. The difference
AN-SJ should increase for a 30-y field decrease over 12 months in about the same
way that it does during the 50-y field decrecase that occurs each day. For much the
same reasons indirect or second-order effects of secular variation seem unlikely but
cannot be ruled out.

A sccond possibility is a stress-induced magnetic change. Thisshould be expected
in this area if any substantial stress variation occurs. There are clearly insufficient
data to attempt any rigorous inversion of the magnetic data to obtain the likely
change in stress. The problem reduces therefore to finding the simplest model and
inferred stress that will explain the data. This is treated in the next section.
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3. Tectonomagnetic Model

Following CHINNERY (1963), PrEss (1965), and RoseNmaN and SiNGu (1973),
the stress distribution around a finite dislocation on a vertical fault can be calculated.
These models relate the slip geometry and distribution to stresses and strains in the
surrounding materjal. The details of the geometry and coordinate system are shown
in Fig. 4. The fault has a length L. The top is at a depth ¢ and the bottom is at a
depth ». This type of model, and generalizations from it to variable slip and variable
geometry (McHuGH and Jounsrton, 1978), have been used to calculate tilt, stresses,
and strains for various slip geometries on the San Andreas fault.

In particular, models have been fit to (1) the general region near San Juan
Bautista, where a transition from about 109 to less than 0.19, of the average plate
displacement rate given in ATWATER and MOLNAR (1973) occurs in the surface fault-
displacement measurements and (2) the general region on either side of the Cajon
Pass end of the 1857 break where, historically, gradients in surface displacements
have apparently occurred (Sizn, 1976). Only the simplest of these models, which
can be applied to ecither of these two regions, is discussed here and is shown for the
northern region in Fig. 3a.

In this model, the slip U is initially uniform and extends from San Juan Bautista
to the southeast over the whole fault for at least 100km. To the northwest, slip
occurs only at depths below 11 km. Contours of maximum stress change (isopachs)
derived from the sum of the principal stresses and normalized to 0.1U. are plotted

X
MJ\ Fig. 4. Geometry and coordinate system used to model a vertical
rectangular sirike-slip fault.
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Fig. 5a. Simplified fault model near San Juan Bautista.
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in Fig. 5b. The locations of recording magnetometers arc shown as black dots. A
slip of 100cm gives shear-stress changes in the region around the end of as much as
20bars. Quasistatic behavior can also be modeled but is not attempted here. For
such a case, the slip boundary propagates along the fault together with the stress
contour pattern, and a point on the surface would experience a transient stress field.
Following Stacey (1964), Suamst and STACEY (1969), and TALWANL and

Kovacu (1972), the modification 4I of the total magnetization I(xyz) of a volume
element of rock dv resulting from the imposition of a stress ¢ is found by first de-
termining the components of magnetization in the direction of the principal stresses
a, [rom Eq. (1)

8

=D, 1 (1)

L/
where D, is the direction cosine matrix with j=x, y, z for i=1, 2, 3. Using the
theoretically determined (STACEY and JouNsToN, 1972) and experimentally supported
(Onnaka and KiNosHITA, 1968a, b) relation between change in magnetization 47,
in the ¢, direction, the values of 47, can be found from:

J]é:gf&-(ﬂj—}—ffk—z)'i) 5 k=1,2,3 (1%j+k) )

where C is the stress sensitivity (~107'bar~!; Stacey and Jonnston, 1972) and
i, k=1,2,3, but is=jsk. The components 4/, 4, and JI, in the x, y, z frame
are then given by:

41,
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Fig. 5b. Contours of maximum stress (s} v2) in bars at the northern end
of the ascismically slipping section of the San Andreas fault nor-
malized by 0.1U where U is the total fault s!ip in centimeters.
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Fig. 5c. Contours of anomalous local magnetic field () produced at the
northern end of the slipping section of the San Andreas fault, if the
region is assumed to have a magnetization of 10-%emu.

and the surface magnetic anomaly components 4F, , . at a point (x', ), 0) are deter-
mined (FIILDERBRAND, 1975) by:

.-.'FF;J__,:S” (ar.yy ¢ (])d—v )

dxppenr
where r*=(x—x')*+4-(y—)")*+z*. The surface total field anomaly can then be deter-
mined from these components.

The model in Fig. 5a can thus be used to determine the surface total field
anomaly contours that presumably have been accumulating since at least the time
of the 1906 earthquake. A slip of 3cm/year for the last 70 years from a depth of 1
km to a depth of 11km to the southeast of San Juan Bautista and below 11km to
the northwest produces the surface anomaly pattern shown in Fig. 5¢. The contour
interval is in 1-y unit if the average magnetization is 10~ *emu and 10y if the average
magnetization is 10~*emu. The measured magnetizations of the surface rocks are
typically about 10~?emu but can exceed 10~*cmu in the installation region of station
AN. If the remanent component js assumed to be oriented parallel to the induced
component, the static magnetic anomaly indicated by the acromagnetic map of the
arca (HANNA et al., 1972) could be explained by stacked slabs of material with mag-
netizations gencrally increasing with depth from 10-*emu to 10~*emu except for a
highly magnetized slab (7,~10-*) about 5-km long, 3-km wide, and 5-km deep around
station AN. The effects of introducing a more complex magnetijzation distribution
complicates the surface anomaly pattern but not the general amplitudes indicated
by the tectonomagnetic calculations.

]
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5. Conclusions

The systematic decrease in local magnetic field at present occurring near San
Juan Bautista on the San Andreas fault constitutes one of the most significant well-
recorded field perturbations yet obtained along the fault. It is in this region that
the 1906 rupture stopped, and a transition occurs from a stable sliding fault to the
southeast to a locked and generally aseismic fault to the northwest.

Determination of the physical origin of the observed change is hindered by the
paucity of data. An accumulated field change of about 23 would be expected through-
out this general region if the presently observed rate of strain accumulation is assumed
to have been uniform for the past 70 years since the 1906 carthquake. However, the
observed change is occurring too rapidly to be due to the average accumulation of
strain, and more signiﬁcantly, has an opposite sign. Furthermore, the absence of
any abnormal large-scale strains in the geodetic data in this area (PrescoTT and
Savace, 1978) limits the amount of aseismic slip during the observational period.
The simplest class of models that explain the data invokes localized and quite near-
surface systematic encroachment of slip into the locked section of the fault. Other
possibilities such as a growing but localized stress concentration or heterogencity
could be suggested but cannot presently be independently supported. Regardless of
whether fault slip or a local stress concentration is occurring, at least 5-bars change
in stress is required to explain the magnetic data if the source is within a few kilo-
meters of the earth’s surface.

It is fortunate, both for determining the reality of a mechanical origin for the
magnetic observations and for quantifying the models suggested, that a number of
new magnetometers and other types of instruments (strain, tilt) are now installed in
the region just north of San Juan Bautista. Should a moderate magnitude earthquake
occur, for the first time, changes in stress estimated by differcnt techniques can be
compared.

I thank Bruce Smith for providing, unpublished data, Dr. Leroy Aliredge for an unpublished
preprint, and Allan Lindh for an unpublished integration of California seismic data and stimulating
discussion,
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